Petrogenesis of the Triassic Alaer granite in the Chinese Altay is important to understand the regional crustal evolution. This study found that the biotite granite is metaluminous and high-K calc-alkaline to shoshonitic. The rocks contain low SiO 2 (64.3e68.7 wt.%), high Al 2 O 3 (13.46e16.56%) and K 2 O (mostly 3.65e7.57 wt.%), and are featured by distinctly higher concentrations of HFSE (e.g., Th, Hf) and SREE than those of the nearby Devonian granites. REE patterns show right-inclining trend and weak negative Eu anomalies (dEu ¼ mostly 0.68e0.94), whilst the spidergrams show consistent negative anomalies of We infer that the Triassic Alaer granite belongs to I-type granite and likely formed in an intraplate extensional setting under high temperature (829e885 C) and pressure (depths of 30e50 km, corresponding to the middle-lower crust in the
Introduction
Early Paleozoic to Mesozoic granitic intrusions are widespread in the Central Asian Orogenic Belt (CAOB) (Wang et al., 2010) . The Chinese Altay Orogenic Belt is situated in the southwestern CAOB and the south of the Altay Orogenic Belt (AOB).
Outcrop of granitoids (including gneissic granites and granitic gneiss) in this belt accounts for about 70% of the whole area (Windley et al., 2002) . These granitoids emplaced mainly at the early-middle Ordovician to late Devonian, following some coeval mafic intrusion, and are attributed to be I-or S-type and synorogenic granites in continental arc environment. The oldest intrusion in the region was emplaced at about 460 Ma (Wang et al., 2006; Liu et al., 2008) , and the Late Carboniferous to Early Permian intrusions generally occur as stocks and dykes were regarded as Itype, S-type and I-A type in post-collisional extensional setting (Wang et al., 2010) .
Large amount of Mesozoic granites (251e180 Ma) develop in the Altay Orogenic
Belt (Vladimirov et al., 2005; Annikova et al., 2006; Han, 2008) , except for the Chinese Altay. Mesozoic granitoids are relatively rare in the Chinese Altay, and at present only several plutons were identified, such as Jiangjunshan granitic stock (150 Ma, Chen and Jahn, 2002) , Shangkelan granitic stock (202 Ma, Wang et al., 2010) , Alaer granite (210e212 Ma, Liu et al., 2014a) and related pegmatite dykes (208e210 Mg, Liu et al., 2012) . However, their petrogenesis and tectonic setting is still not clear. In this paper, we present new geochemical and Sr-Nd isotope data to determine the genesis and tectonic setting of the late Triassic Alaer granite. It is meaningful to understand Triassic granitic magmatism and the tectonic evolution in the Altay.
Geological setting

Regional geology
The CAOB was formed over prolonged and multiphase subduction and accretion during the Paleozoic (Coleman, 1989; Mossakovsky et al., 1993; Wang et al., 2006; Xiao et al., 2010) . The Altay Orogenic belt (AOB) is one of the major units of the CAOB (Sengor et al., 1993) . It extends for 2000 km across China, Russia, Alaer granite is only Triassic pluton identified and located within the Paleozoic Kanas-Keketuohai magmatic arc (Modified from He et al., 2004 and Song et al., 2017) ; (b) The outcrops are mainly Early Devonian plutons, the Paleozoic metasedimentary rocks (Kuwei group) and the northeastern Alaer granite (Modified from Zou and Li, 2006) .
In terms of tectonic evolution, the Late Neoproterozoic to Early Paleozoic Altay Orogen was likely marked by a stable continental margin setting (He et al., 1990) , and bipolar crustal accretion commenced in the Paleozoic: Oceanic plate subduction likely took place in the Ordovician to Devonian, and an active continental margin began to develop in the Late Ordovician (ca. 460 Ma, Wang et al., 2006) . The Late Devonian-Early Carboniferous arc-continent collision had established the main tectonic framework of the Altay Orogen (He et al., 1994; Windley et al., 2002; Li et al., 2003) , following the Late Carboniferous-Early Permian postcollisional extension (Wang et al., 2010) and the Mesozoic-Cenozoic relatively stable continental development (Li and Poliyangsiji, 2001 ).
The Kanas-Keketuohai region in the northern-middle Chinese Altay is mainly composed of Early Paleozoic metamorphic rocks, and there are many outcrops of Sinian-Middle Ordovician low-grade metamorphosed thick terrigenous flysch (Habahe Group), Upper Ordovician volcanics/molasse and terrigenous clastic formations (Dongxileke and Baihaba formations), and Middle and Upper Silurian metasandstone (Kulumuti Formation). Granitic rocks, mostly Early Devonian, are widespread in the region. Rock types include gneissic biotite monzogranite, gneissic biotite granite, gneissic tonalite, biotite granite, and two-mica granite (Liu et al., 2009 ).
The Alaer granite is located within the Paleozoic Kanas-Keketuohai magmatic arc (He et al., 2004) . The Sinian-Lower Paleozoic country rocks of the granites are strongly metamorphosed, forming gneiss and schist. The granites are mainly Early Devonian and minor Mesozoic (the latter includes the Alaer and Shangkelan plutons). There are some outcrops of the Early-Devonian metamorphosed basic rocks as well. The bedding of the country rocks, the fold axis and the associated faults in the region are all NW-trending (Zou and Li, 2006; Wang et al., 2010) .
Local geology and petrography
The Alaer granite is situated in the northeastern Keketuohai mining area (Fig. 1b) . The pluton extends along the trend of the Altay orogen and intruded into the Paleozoic metasedimentary rocks (Kuwei group) and Devonian plutons. The outcrops of the Alaer granite have experienced strong spherical weathering (Fig. 2a) . The northern part of the pluton is cut through by a regional fault (Fig. 1a) , whereas the southern, eastern and western boundaries of the pluton are marked by rare metalshosting pegmatite veins. There are over 2100 pegmatite veins around the granite. Away from the contact, these veins change from simple to composite in composition and the rare metal mineralization intensity increases. The study of Zou and Li (2006) proposed that the pegmatite veins and the rare metal mineralization are closely related to the Alaer granite.
Our field studies suggest that the Alaer granite contains gray coarse-grained porphyritic biotite granite. The phenocrysts (30e60%) comprise mainly microcline (5 Â 15 mm in size; up to 2 Â 5 cm) (Fig. 2b) . The porphyritic biotite granite is gneissic with biotite lineation. It comprises mainly phenocrysts of K-feldspar (45e50% of total phenocrysts, the same below), plagioclase (5e10%), quartz (20e25%), biotite (10e15%). The groundmass is composed of microcline (20% of total rock, the same below), An (10e30) plagioclase (10%), quartz (20%) and biotite (5%) (Fig. 2c) . Accessory minerals include mainly magnetite, ilmenite, zircon, apatite, sphene and minor monazite. Most K-feldspars are xenomorphic, and some K-feldspar grain margins are filled with vermicular quartz, showing micrographic texture resulted from eutectic crystallization. Plagioclase is hypidiomorphic and columnar, locally vermicular in shape.
Methods
Sampling
The samples were collected in the southern part of the Alaer pluton along a new roadcut. Sampling was taken in a 1 km spacing (Fig. 1b) , and over 0.5 kg fresh sample was collected in each site. Major and trace element analyses of ten samples and Sr-Nd isotopic analyses of six samples were conducted.
Analytical methods
Whole-rock analyses were done in the National Research Center for Geoanalysis, Chinese Academy of Geological Sciences (CAGS, Beijing). Rb, Sr, Sm and Nd isotopes were analyzed at the Isotope Laboratory of Institute of Geology, CAGS. For major element compositions, X-ray fluorescence spectrometer (PW4400) was used, using the Chinese national standard GBW07103 and GBW07104 for the calibrations of FeO and the rest major element compositions, respectively. The analytical errors are generally less than 2%. For trace element compositions, ICP-MASS (X-series) and ICP-AES (IRIS) were used, using standards of JY/T015-1996 and DZ/T0223-2001 for calibration, respectively. Precision is estimated to be 5% and accuracy is better than 5%. The isotope dilution method was used for the analysis of 
Results
Whole-rock geochemical data of the Alaer granite are given in (only KKTH-5 below 1). Large variation of Rittmann index s (1.5e4.9) indicates alkaline (3.3e4.9 for KKTH-4, 9, 10) and calc-alkaline (<3.3 for the other seven samples) affinities. In the K 2 O vs. SiO 2 diagram (Fig. 3a) , the data points mostly scatter in the high-K calc-alkaline to shoshonitic fields with the exception of KKTH-5. The samples have similar A/CNK (0.97e1.03) close to 1, and are thus mainly metaluminous (Fig. 3b ).
The HFSE concentrations of the Triassic Alaer granite are mostly higher than those of the Devonian granites in the Keketuohai area (Liu et al., 2014b) . The LILE concentrations are higher than the average crust, with the Rb/Sr ratios below 1. Fig. 4a ). In the primitive mantle-normalized multi-element spidergrams ( Fig. 4b ), all samples show consistent patterns with negative anomalies in Ba, Sr, P, Ti, Nb and Ta, and positive anomalies of Th, K, La, Ce, Nd, Zr and Hf.
The Sr-Nd isotopic analytical results for the Alaer granite are given in Table 2 .
Initial Sr-Nd isotope compositions and εNd(t) values have been calculated at 211.4 Ma (zircon U-Pb age of the Alaer granite, Liu et al., 2014a) . Compared with the Devonian granites in the region (Liu et al., 2014b) Ga) is very similar to that of two-stage Nd model ages (t2DM ¼ 1.07 Ga), displaying a low-degree fractionation and homogeneous isotopic system (Kovalenko et al., 2004) . 
Discussion
Triassic magmatism in the Altay Orogenic Belt
Magmatism and mineralization in the CAOB was long regarded to occur dominantly in Paleozoic. However, recent geochronologic studies show that Mesozoic magmatism was also present in the belt, e.g., the Triassic granitic magmatism in the Xingmeng, East Tianshan, West Tianshan and Altay orogenic belt (Zhou et al., 2000; Yang et al., 2012; Li et al., 2003; Wang et al., 2010) . In Xinjiang (NW China), Triassic magmatic-hydrothermal events are suggested to have been closely related to some large-scale ductile shear zones and the related gold-rare metal mineralization (Zhu, 2007) .
A large-scale Triassic granitic magmatism develops in the Altay orogenic belt. In the Mongolian, Russian and Kazakhstan Altay, the Triassic magmatism was developed mainly during ca. 245e196 Ma (commonly divided into the 245e228 Ma and 225e196 Ma phase). The older 245e228 Ma magmatic phase had generated biotite and two-mica granodiorite, monzogranite and leucogranite, which are intruded by the aplitic to pegmatitic muscovite-(tourmaline) leucogranite stocks or dykes (Han, 2008) . The younger 225-196 Ma phase is mainly developed in the Mongolian Altay (e.g., the leucogranites in the Chigerte and Sagsai terranes (225 AE 10 Ma), Demin et al. (2001) ) and the Russian Altay (e.g., the Triassic leucogranites (Vladimirov et al. (2005) ) and alkaline mafic dykes (Pavlova et al. (2008) )). Rock types include porphyritic granite, tourmaline-bearing granite, porphyritic amphibole-bearing biotite granite, biotite granite, amphibole-bearing biotite syenite, granosyenite, alaskite, ongonite and spodumene-bearing granite (Kozlov et al., 1991) . Triassic granites in Chinese Altay were identified only recently by high precision zircon dating, and at present only the Shangkelan and Alaer pluton were confirmed to be Triassic (Wang et al., 2008; Liu et al., 2014a) . However, the outcrop of large number of Triassic pegmatite veins implies that Triassic granitic magmatism also develops in the Chinese Altay. Previous study also indicated that Triassic pegmatites and related rare metal (e.g., Mo, W, Li, Ta, Be and Cs) mineralization have close relationship with the coeval granites (Zou and Li, 2006; Zhu et al., 2006; Wang et al., 2008; Liu et al., 2014a) .
Petrogenesis
The Alaer granite doesn't contain early crystallizing peraluminous minerals such as cordierite, muscovite, and garnet (Fig. 2) , and the samples have similar A/CNK (0.97e1.03), suggesting that its parental magma was metaluminous. These samples plot within the high-K calc-alkaline and shoshonitic fields in Fig. 3 and have alumina saturation index (A/CNK) less than1.1, suggesting that it belongs to I-type and/or Atype granites, according to the criteria of Chappell and White (1992) . In terms of trace element geochemistry, all the Alaer granite samples show high Zr, Hf, Ga concentrations and Ga/Al ratios (2.53e3.14, with an average of 2.8), as well as positive anomalies in Th, K, La, Ce, Zr and Hf, and negative anomalies in Ti, P, Sr and Ba in the spidergram (Fig. 4b) , sharing A-type features somewhat (Collins et al., 1982; Whalen et al., 1987) . However, their low SiO 2 , absence of significant Eu negative anomaly in REE pattern and depleted Nb, Ta in the spidergram are completely inconsistent with typical A-type granite and more in line with some kind of I-type granite. This granite displays the negative correlation between P 2 O 5 and SiO 2 (Fig. 5a ) and the positive correlation between A/CNK and SiO 2 (Fig. 5b) , consistent with the common features of I-type granites (Chappell, 1999; Clemens et al., 2011; Clemens and Stevens, 2012) , thus suggesting it is I-type granite.
Physio-chemical conditions can significantly affect granite composition. Zircon is an early-crystallizing accessory mineral in granitic magmas that is very sensitive to temperature (Miller et al., 2003) , thus its saturation temperature (T Zr ) can be regarded to approximate the near-liquidus temperature of granitic rocks (King et al., 1997) . Granitic magma temperatures are typically estimated using the zircon saturation thermometer according to Watson and Harrison (1983) . The Alaer granite samples yield the calculated T Zr values of 829 Ce885 C (Table 3 ) which represent minimum estimates of the true magmatic temperature because of the observed negative correlation between Zr and SiO 2 and the lack of inherited zircon grains. It suggests a hot granitic magma with little residue, whose formation involved external heat input (Miller et al., 2003) .
The weak depletions in Sr, Ba, and Eu slightly negative-positive anomaly of the Alaer granite suggests that it might originate from source with less fractionation or residue of plagioclase in melting. Compared with the Devonian granites in the Sr for the Alaer granite, illustrating that mineral fractionation is responsible for chemical compositions of the granite. Mineral fractionation vectors from Nash and Crecraft (1985) , Bacon and Druitt (1988) , Mahood and Hildreth (1983) , Arth (1976) . The average crustal composition from Weaver and Tarney (1984) is assumed to represent the initial melt composition. Grey dotted lines with arrows in (a), (b) and (d) show evolution trend of trace element concentrations. Plot of (f) CIPW-normative Q-Ab-Or diagram (Johannes and Holtz, 1996) , showing the melt composition of the Alaer granite under high pressure. Q-quartz, Ab-albite, Or-orthosite. region, the pluton shares lower SiO 2 and differentiation index (DI, < 80) and obviously higher P 2 O 5 , Fe 2 O 3T , MgO and TiO 2 concentrations. The evolution of trace elements also shows that La and (La/Yb) N , Ba and Sr, Rb and Sr are positively correlated (Fig. 5c, d, e) . These all reflected the less fractionation of feldspar, apatite, monazite, and Fe-Ti oxides from the magma. In summary, during formation of the granite, magma likely underwent a low-degree fractionation process.
Granitic magma with little plagioclase residue in melting means high pressure setting (>30 km) in magma source. The Alaer granite with LREE enrichment, strong HREE depletion (LREE/HREE ¼ 7.27e21.07) and obvious fractionation of rare earth elements ((La/Yb) N ¼ 8.39e38.97) implies garnet residue in source, representing higher pressure condition (Litvinovsky et al., 2000; Rapp et al., 1991) . In addition, Xiong (2006) proposed that the melt coexisting with rutile has evident Nb-Ta negative anomaly under high pressure condition (depths of 50e80 km), supporting rutile residue in source where the Alaer pluton originated. In Q-Ab-Or diagram (Fig. 5f ), samples fall mostly in field of 1.0e1.5 Gpa (corresponding to depths of 30e50 km).
According to the crustal thickness of Altay region with an average of 56 km , we therefore infer that during the formation of this granite, a highpressure magma with depths of 30e50 km was present in the middle-lower crust.
Magma source
For the possible magma source of the Triassic Alaer granite, we propose that it is likely the melting of middle-lower continental crust-derived with certain mantle input, trigged by the underplating of mantle magma. The reasons are: (1) Formation of a high-temperature granite like the Alaer granite would need hot mantle-derived magma; (2) Trace element geochemistry of the Alaer granite, such as enrichment in LREE, LILE (Rb, K) and depletion in HFSE (Nb, Ta, Ti) , involvs in the melting of continental crust (Green, 1995; Barth et al., 2000) ; (3) The measured high Sr/Y and (La/Yb) N ratios likely record partial melting of the mafic lower crust during basaltic underplating or intrusion; (4) The late-middle Proterozoic Nd model age suggests that the source rocks may have been the old continental basement (about 1.1 Ga) rather than juvenile crust; (5) An important feature of the Central Altay terrane, where the Alaer granite is located, is that a large number of plutons there have negative ε Nd (À4.2 to À0.5) and high T DM values (1.0e1.3 Ga) (Wang et al., 2010) , distinctly different from the Southern Altay terrane in the Chinese Altay (Fig. 6a ).
This illustrates that there is a relatively homogenous old continental basement for the granite formation (Wang et al., 2010) ; (6) I Sr values of 0.706e0.709 for the Alaer granite are slightly higher than that of the average modern oceanic basalt (0.7052, Hugh, 1994) . The Alaer pluton with slightly negative ε Nd values is significantly different from many granites with high positive ε Nd values in the CAOB (Hong et al., 2004; Jahn et al., 2000a,b) , but similar to the granites located in Precambrian basement or micro-continent in the CAOB (e.g., Jahn et al., 2004; Kovalenko et al., 2004) (Fig. 6b) , implying that the magma source may have been mainly originated from continental crust with certain mantle input.
The feature of the Alaer granite with low degree of differentiation suggests that its composition may represent that of parental magma and reflect the features of magma source. Experimental studies by Rapp and Watson (1995) indicated that low-degree (5e10%) dehydration melting of gabbroic rocks can produce the high Si and lowmedium Al 2 O 3 melts, while high-degree (20e40%) partial melting can produce felsic-intermediate melts with high Al 2 O 3 content. From the relatively low SiO 2 contents (64.27e68.74 wt.%) and high Al 2 O 3 contents (13.46e16.56 %) of the Alaer granite, it is suggested that the granite may have formed by high-degree (20e40%) partial melting of gabbroic rocks in old basement. This conclusion is also supported by the relatively low Fe* values (0.75e0.78, Fe* ¼ FeO T /(FeO T þ MgO), Frost et al., 2001 ) of the Alaer granite because the low degree melting of gabbroic rocks can produce Fe-rich melt with high Fe* (Frost et al., 2001; Frost and Frost, 2011) .
To evaluate the proportion of the juvenile component in the magma source of the Alaer granite, we postulate a melting of two end-member sources (i.e., mantlederived basaltic rocks and old continental crust) in variable proportions. The mixing proportions for all samples can be calculated using a simple mixing equation: (Jahn et al., 2004) . (Wang et al., 2009 (Wang et al., , 2014 . T DM is Nd model age. Unit 2, 3-1, 3-2 and 3-3 correspond to those of Fig. 1a . These two figures illustrate the Alaer granite could have been produced by melting of sources which were formed ca. 1.6e1.0 Ga ago and an initial melt was generated by partial melting of older continental basement or mixed with mantle-derived magma.
A depleted mantle-derived basaltic rock is assumed to have ε Nd (400 Ma) ¼ þ8, Nd ¼ 15 ppm (e.g., Jahn et al., 2000a,b) . The middle Paleozoic Kuerti ophiolite in the southeastern Altay contains very similar isotopic characteristics to the depleted mantle-derived basalt (Xu et al., 2003) , strongly supporting the above assumption.
The parameters used for the crustal component are taken from the values of ε Nd (400 Ma) ¼ À5 and Nd ¼ 25 ppm for the widespread metamorphic rocks in the Chinese Altay (Chen and Jahn, 2002) . The calculation indicates that the mantle-derived juvenile proportions were ca. 40% for the Alaer granite, consistent with the estimation by Wang et al. (2010) for the juvenile proportions of the Mesozoic anorogenic granites in the Chinese Altay. It implies that apart from the main contribution from the crustal component, there may have been substantial mantle-derived component in the formation of the Alaer granite.
Geodynamic setting
The research for the Chinese Altay tectonic evolution has been conducted by lots of scholars at home and abroad (eg., He et al., 1994; Han et al., 2004; Windley et al., 2002 Windley et al., , 2007 Li et al., 2003; Wang et al., 2005 Wang et al., , 2010 Li and Poliyangsiji, 2001 ).
Their main agreement proposed that the main orogeny ended and post-collision began in the early-Permian, while new intraplate magmatism and continental breakup followed from Mesozoic, indicating the extensional setting resulted from lithosphere delamination and the underplating of great scale mantle-derived magma.
In the tectonic discrimination diagram of Pearce et al. (1984) , the Alaer granite plot in the within-plate granite field (Fig. 7a, b) , and following synchronous large pegmatite veins with intergrowth display clearly an extensional tectonic setting.
If crust partly melts under high temperature, it implies apparently that there exists thermal anomaly at depth, and mostly under extension. The extensional case can (1984) ). ORG-ocean ridge granite; VAG-volcanic arc granite; syn-COLG-syn-collision granite;
WPG-within-plate granite.
appear in island arc belt under subduction and also in the upwelling of mantle plume (Wu et al., 2007) . The Triassic Alaer granite is roughly synchronous with the activity of mantle-derived magma related to Siberian mantle plume (peak at 250 Ma, Franco et al., 2009; Wang et al., 2010) . Does it imply that the Alaer granite resulted from the final evolution stage (Potseluev et al., 2006) or a far-field effect of this plume (Wang et al., 2014) ? The Fig. 8 shows that the Alaer granite formation originated from the melting of the middle-lower crust in the Chinese Altay region, triggered by a far-field effect of Siberian mantle plume. Certainly, further works need to be done.
Conclusions
(1) Intensive Triassic granitic magmatism may have occurred in the Chinese Altay.
(2) The Triassic Alaer granite belongs to I-type granite with low-degree fractionation.
(3) The Triassic Alaer granite was likely formed in an intraplate extensional setting under high temperature and pressure (829e885 C and depths of 30e50 km), and may have originate mainly from crustal source with mantle input (caused by underplating of mantle-derived magmas).
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